Summary. Current models of the structure of an active fault zone recognize two important subdivisions -an upper zone, extending to mid-crustal depths, in which processes associated with brittle fracture and friction dominate the fault behaviour, and a lower zone, extending into the mantle, within which stresses may be relieved by ductile flow. Anisotropy directly or indirectly induced by stress might occur throughout the fault zone, especially if caused by some form of stress-induced crack alignment. Dilatancy associated with high stresses is likely to be a very localized phenomenon in the vicinity of high strength regions (asperities), but alignments caused by subcritical crack growth at low stress and strain rate (extensive-dilatnncy anisotropy) could give rise to anisotropy throughout the fault region.
Introduction
The last 15 years have seen a steady development in the flow of ideas between the seismological, geological and petrological communities concerning the processes occurring in and around active faults. These exchanges have led to a general recognition that active faults are complex systems and that a wide variety of factors influence their structure and behaviour. A new generation of models which takes account of this complexity is coming forward, and these models have already achieved some success in integrating the disparate observations of the contributing disciplines. As the discussion below shows, their principal common feature is the recognition that mature faults, such as those which make up plate boundaries, are dynamic phenomena: abnormal conditions in and near the fault zone promote deformation, and the deformation in turn maintains and promotes the abnormal conditions. A variety of different mechanisms share in this process and interactions between the mechanisms provide scope for great variety in the overall behaviour of the fault zone. Despite a considerable measure of common ground in these models, there are substantial differences yet to be resolved (particularly regarding the level of shear stress on active faults, Scholz 1980; Raleigh & Evernden 1981) and no single model yet receives overwhelming support. In the absence of any thoroughgoing review of this developing subject, we summarize below some of the principal concepts and suggest that seismic anisotropy might occur throughout an active fault zone.
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To date, most treatments have modelled a mature transcurrent fault in continental crust, in part because this case is computationally simple (it is symmetric and gravity terms do not enter the energy analysis) and in part because the well-documented Californian fault system is of this type (Lachenbruch & Sass 1980) . The present discussion follows the same path.
Structure of an active fault zone
Numerous laboratory studies conducted on dry rock samples at high strain rates (Jaeger 1969; Raleigh & Paterson 1965) have suggested that, with a few very specific exceptions, intact rocks under the modest confining pressures and low temperatures generally appropriate to the upper crust are able to support considerable stresses (tens of MPa) without major inelastic deformation. In situ measurements at shallow depths show that shear stresses of several tens of MPa indeed occur in the Earth, at least on a local scale (McGarr & Gay 1978) . Under such conditions, most rock types tend to fail by fracture. Once fractured, the strength of a rock mass is greatly reduced, being determined by cohesive (frictional) forces across the fractures rather than by the intact strength of the component fragments. The upper part of a mature fault zone consists of such a system of broken fragments, and so the maximum shear stress that the shallow fault zone can support is determined in this way. The friction between fragments is related to the pressure across the contact surfaces, and thus to the effective pressure experienced by the fragments. Laboratory data summarized by Byerlee (1968 Byerlee ( , 1978 suggest that the appropriate coefficient of friction is only very weakly dependent on confining pressure or rock type. The application of Byerlee's relationship (Brace & Kohlstedt 1980) or an even simpler one (Turcotte, Tag & Cooper 1980) , together with the assumption that the effective pressure is given by the overburden (lithostatic) pressure less hydrostatic pressure, leads to a linear relation between (shallow) fault strength and depth. Substitution of suitable numerical values into such equations invariably yields a value of some hundreds of MPa for the strength of a fault at intermediate depth (10 km). This level of stress is also predicted by linear extrapolation of shallow in situ measurements (McGarr 1980) but is in contradiction with the widely noted observation that earthquake stress drops are almost invariably of the order of 10 MPa (Hanks 1977) . Furthermore, the work done by ambient stresses of hundreds of Mpa should release significant amounts of heat into the fault zone resulting in high heat flow (Scholz, Beavan & Hanks 1979) . On the San Andreas fault at least, no anomalous heat flow is observed (Lachenbruch & Sass 1973 . These considerations lead Raleigh & Evernden (1981) to conclude that abnormally high fluid pressures must be characteristic of all types of fault zones. Whether or not this conclusion is justified, it is clear that friction plays an important role in the behaviour of the upper fault zone. Ambient stresses of up to at least 20 MPa are achieved at depths of a few kilometres (McGarr & Gay 1978) and the upper zone is the principal site of small earthquakes on strike-slip faults such as the San Andreas (Eaton, Lee & Pakiser 1970) and the North Anatolian (Evans e t al. 1984) . Stresses in the upper crust can therefore be relieved by catastrophic frictional sliding during earthquakes. They may also be relieved through deformation of the upper fault zone on longer time-scales (creep), although episodic creep events (King et al. 1975; Goulty et al. 1978) may well be very shallow phenomena (Evans, Burford & King 1981) .
There is substantially greater agreement regarding the mechanical behaviour of fault zones at depth. The higher temperatures and pressures of the lower crust and upper mantle promote the relief of stress through flow, and the non-linear dependence of apparent viscosity on temperature encourages development of localized shear zones (Carreras et al., 1980) . The enhanced capacity to relieve stress which is imparted to regions of higher temperature tends to emphasize irregularities in temperature distribution as strain energy is converted to heat (Fleitout & Froidevaux 1980) . This mechanism localizes strain. Lateral heat conduction normally ensures that a steady state is reached in which the shear zone has a finite non-zero width. Mechanisms other than heating may also contribute to its development (Poirier 1980). Turcotte et al. Meissner & Strehlau (1982) have calculated the strength of a shear zone developed in continental crust, corresponding to a plate boundary with a velocity of a few cm yr-'. They fmd that its strength declines with depth in the lower crust to a value of at most a few tens of MPa at the crust-mantle boundary.
Between the brittle upper and ductile lower regions lies a transition zone, typically corresponding to depths of 8-15 km in continental crust. The strength of the fault goes through a maximum in this zone and so, in consequence, do the typical stresses. Both brittle and ductile mechanisms contribute to their dissipation. Small earthquakes tend to cluster in this depth range and may act as triggers for larger earthquakes. The term seismogenic zone, widely used to indicate the region within which earthquakes nucleate, encompasses much of the transition zone as well as the upper brittle zone.
This picture, summarized in Fig. 1 , is supported by geological investigation of ancient fault zones which are now exposed. Where deformation occurred at shallow depth, the fault appears as a zone of broken and jumbled fragments (Holmes 1965 ) -the fault brecchia found near the surface of active faults. Cataclasites, consisting of small broken fragments embedded in a deformed matrix, are found in fault zones which were active at intermediate depths, and merge into heavily sheared mylanites from even greater depths (Tullis, Snoke & Todd 1982) . The widths of mylonite sequences produced by ductile shear and now exhumed from the lower crust may reach tens of kilometres (Bak, Korstgard & qrensen 1975) .
The seismogenic zone
Within the above framework based on analysis of typical stresses, strengths and temperatures, it is recognized that the state of stress throughout the active fault zone and its neighbourhood is inhomogeneous, and particularly so within the seismogenic zone. Regions of high strength (asperities) form barriers to slip and particularly high stresses can concentrate in R. Evans their vicinity. Computer simulations suggest that asperities play a critical role in fault behaviour. Not only may they act as sites for the nucleation of large earthquakes (hhkumo & Miyatake 1983), but they tend to control the propagation of ruptures along the fault zone @as & Aki 1977). A rupture approaching an asperity can be assisted or impeded in its progress, according to whether the asperity is near fracture stress or not. This type of model suggests that a large earthquake can occur on some region of a fault only when most of the asperities in that region are near fracture. This requires that the mean level of stress within the seismogenic zone be above average in some sense, but not necessarily that it be everywhere near the local breaking stress or that at any point stresses approach the breaking stress of intact rock. As creep at depth relieves applied strain caused by plate motions, stresses are transferred towards the upper zone and some asperity ultimately fails catastrophically, initiating a rupture. In general, less stress is required to propagate a rupture than to initiate it and so, depending on the state of readiness of the fault, the rupture may propagate further beyond the asperity which originally failed. Stresses may be redistributed, not just into adjacent parts of the upper zone but also back into the lower zone. The rupture dies out when at every point the rock is able to support the applied static and dynamic stresses.
One interesting consequence of the brittle-ductile model of fault behaviour is that, should a large area of the upper and transitional region break quickly, considerable stresses are transferred into the lower region. If these stresses are sufficiently large, then conditions in the lower zone may pass from the domain of ductile failure to that of brittle failure. These circumstances may give rise to very large earthquakes. Nur (1981) has proposed an alternative model for such events based on the possibility of an instability within the ductile zone (such as thermal runaway, Fleitout & Froidevaux 1980) propagating upward from the mantle.
The variety of behaviour which can be obtained from these models has been further extended by the observation that the strength of crustal rocks placed under stress declines with time and with strain rate (Atkinson 1979; Wilkins 1980) . It has been shown that, due to stress corrosion in the presence of volatiles, microcracks may propagate slowly within stressed rock until they reach a critical size. Beyond this point, cracks can grow rapidly to cause complete fracture. In this way, a rock sample placed under constant stress may initially support the stress but subsequently break. Stress corrosion is encouraged by the presence of water and elevated temperatures, and may also play a role in the creep behaviour of lower crustal and mantle rocks. It is therefore likely to play an important role in the behaviour of the ductile and transition zones, at least. An opposite effect (strengthening with time) is observed to occur in rock friction (Dieterich 1978) and so may affect behaviour in the brittle zone. Das & Scholz (1981) invoke the weakening effects of stress corrosion to model the occurrence of a wide variety of seismic phenomena, including foreshocks, aftershocks, multiples and slow earthquakes (Sacks et al. 1978) .
These complex models have received general favour since, in a qualitative manner at least, they can describe all of the observed features of active faulting encompassing geological, petrological, seismologieal a&hahbservations.
Quantitatively too, they seem capable of providing a strong measure of agreement with observation. The near randomness of earthquake distribution in time and the lack of any observations of stress triggering of earthquakes (Heaton 1982) have previously proved stumbling blocks for earthquake models. The introduction of processes which lead to delayed failure circumvents these difficulties but raises fresh obstacles to the development of earthquake prediction techniques.
powerful tools provided by anisotropy. In particular, the possibility of monitoring fault conditions with the ultimate aim of earthquake prediction is of wide interest and practical value.
The phenomenon o f dilatancy (Brace 1978) -inelastic opening of systems of aligned microcracks at high levels o f deviatoric stress -has attracted wide interest over the past 10 years, and models of fault preparation centred on this concept have been invoked to explain a range of apparent earthquake precursors (Scholz, Sykes & Agganval 1973) . The importance of dilatancy within current models has been questioned, because of the high stress nature of its origin. The necessary high stresses (at least many tens and probably hundreds of MPa) may well be generated only in the immediate vicinity of asperities. Even if the onset of dilatancy scales with breaking strength (Sano, Ito & Terada 1981) , since much of the fault is subjected to such high stresses only during the rupture process, dilatancy could be largely a transient feature. Nevertheless, a fault zone nearing preparedness for a large earthquake may include asperities in a high stress (dilatant) condition, especially if the strength of faults at intermediate depths proves to be high. Microcracks in dilatant rock are aligned with their normals perpendicular to the maximum compressive stress, and impart an orthorhombic (often hexagonal) anisotropy to an isotropic matrix (Crampin 1978) so, if conditions are otherwise appropriate (see discussion below), dilatant areas might be mapped using this property. At depth, shearing forces can give rise to crystal alignment at a microscopic scale (e.g. syntectonic recrystallization -Christensen 1984) and to banding, schistosity or foliation in the gross fabric of shear zone rocks (Carreras et al. 1980) . Furthermore, any excess heat flow associated with faulting induces a horizontal temperature gradient and so also a metamorphic gradient, whichmight also be expected to give rise to anisotropy at depth. However, Jones & Nur (1982) have found that despite strong anisotropy of fabric in samples from two mylonite sequences, seismic anisotropy was present in only two of nine types examined. They attribute their observation to the higher mechanical strength of the more anisotropic minerals in the samples. These minerals retain their crystalline form, appearing as randomly oriented porphyroblasts and introducing no net seismic anisotropy. By contrast, the two samples which did show strong seismic anisotropy were of fine-grained texture and contained phyllosilicates, which are exceptionally anisotropic. Jones & Nur argue that the high reflectivity of deep thrust faults, even when inactive, may be due to the development of high pore pressures. In this, as in the more general case (Raleigh & Evernden 1981) , high pore pressures would permit significant pore volume to be maintained at depth and stress corrosion to occur. Crampin, Evans & Atkinson (1984) show that these are the appropriate conditions for extensive-dilatancy anisotropy (EDA) -alignment of microcracks under stress -introducing an effective (often hexagonal) anisotropy. Thus adequate mapping of seismic anisotropy at depth could identify both the cause -inherent or stress-induced -and, if the latter, provide useful information about the causative stress field.
From this it will be seen that due to a variety of causes seismic anisotropy may be expected to occur throughout the region immediately adjacent to the fault itself propose the term 'focal zone' to describe the region in which these localized processes occur). Outside the focal zone, the entire crust and upper mantle are subjected to shear stresses comparable to the mean shear stress on the fault itself. Such moderate levels of stress (a few tens of MPa) are unlikely to give rise to the high stress phenomenon of ditatancy. In general, the gksotropy directly induceid by itieiji Is very (Dahlen Ig7'!9 but EDA offers a mechanism by which even small shear stresses would be cauable of producing a significant degree of anisotropy. If confirmed, this process would mark out the stress field over an extensive region surrounding the active fault, rendering it accessible t o observation with conventional seismic instrumentation.
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If anisotropy indeed proves to be a pervasive feature of earthquake source regions, its origin as the Earth's response to applied shear stress is potentially of great value. By mapping anisotropic as well as mean isotropic seismic velocities, it would be possible to infer stress conditions by seismic techniques. The phenomenon of shear-wave splitting (Crampin 1981) may be used to infer anisotropy without necessarily having detailed knowledge of the seismic structure and, where the response to changing stress is sufficiently rapid, to use shear-wave splitting to monitor changes in stress. The potential application of this phenomenon to earthquake prediction, as well as the problems of practical implementation, are discussed elsewhere in this issue .
